Introduction
============

Cardiac remodelling is a series of complex molecular and cellular mechanisms that lead to changes in cardiac structure, function and phenotype ([@b1-etm-0-0-9109]). The most common structural changes in pressure overload-induced cardiac remodelling are left ventricular hypertrophy and interstitial fibrosis ([@b1-etm-0-0-9109]). Pressure overload is a cause of cardiac remodelling ([@b2-etm-0-0-9109]). Pathological cardiac remodelling is associated with a series of pathophysiological changes, involving oxidative stress ([@b3-etm-0-0-9109]), inflammation ([@b4-etm-0-0-9109]), apoptosis ([@b5-etm-0-0-9109]) and autophagy ([@b6-etm-0-0-9109]). Previous studies have indicated that oxidative stress plays a vital role in the progression of cardiac remodelling ([@b7-etm-0-0-9109],[@b8-etm-0-0-9109]). NADPH oxidase (NOX) is one of the main sources of reactive oxygen species (ROS) ([@b7-etm-0-0-9109]) and mice overexpressing NOX4 have demonstrated an 8-fold increase in the production of ROS ([@b8-etm-0-0-9109]). Increased ROS not only mediates cardiomyocyte hypertrophy and apoptosis, but also inactivates nitric oxide (NO), which can induce or aggravate cardiac fibrosis ([@b9-etm-0-0-9109]). Therefore, the inhibition of oxidative stress may serve as a potential target for the treatment of cardiac remodelling.

Carnosic acid (CA) is a phenolic terpenoid separated from Rosmarinus officinalis that exerts multiple pharmacological effects, including antioxidative stress ([@b10-etm-0-0-9109]), anti-inflammation ([@b11-etm-0-0-9109]) and anti-tumour effects ([@b12-etm-0-0-9109]). A previous study has revealed that CA inhibits arsenic-induced hepatotoxicity by inhibiting oxidative stress ([@b10-etm-0-0-9109]). Furthermore, CA inhibits liver ischaemia/reperfusion injury by reducing ROS ([@b13-etm-0-0-9109]). A previous study has indicated that isoproterenol-induced cardiac oxidative stress activates apoptosis-associated pathways directly or via ROS and that pre-treatment with CA inhibits oxidative stress and apoptosis in mice ([@b14-etm-0-0-9109]). Previous studies have revealed that phosphorylated (p-) AKT and p-glycogen synthase kinase 3 β (GSK3β) serve important roles in cardiac remodelling ([@b15-etm-0-0-9109],[@b16-etm-0-0-9109]). CA inhibits renal fibrosis and oxidative stress by suppressing AKT-mediated NOX4([@b17-etm-0-0-9109]). However, the effects of CA on pressure overload-induced cardiac remodelling and the molecular mechanisms underlying this remain unclear.

According to previous studies ([@b15-etm-0-0-9109],[@b16-etm-0-0-9109],[@b17-etm-0-0-9109]), CA improves cardiac remodelling induced by pressure overload via the AKT/GSK3β/NOX4 signalling pathway. Therefore, the present study investigated the potential protective role of CA in cardiac remodelling.

Materials and methods
=====================

### Chemicals and reagents

CA ([Fig. 1A](#f1-etm-0-0-9109){ref-type="fig"}; \>98% purity, as detected by high-performance liquid chromatography) was acquired from Shanghai Winherb Medical S&T Development Co., Ltd., (cat. no. 3650\--09-7). Total Superoxide Dismutase (SOD) Assay Kit with WST-8 (cat. no. S0101), Lipid Peroxidation malondialdehyde (MDA; cat. no. S0131) Assay kit and NADP+/NADPH Assay kit with WST-8 (cat. no. S0179) were purchased from Beyotime Institute of Biotechnology. The following antibodies were purchased from Abcam: NOX2 (1:1,000; cat. no. ab80508), NOX4 (1:1,000; cat. no. ab154244), collagen I (1:1,000; cat. no. ab34710), collagen III (1:1,000; cat. no. ab7778) and connective tissue growth factor (CTGF; 1:1,000; cat. no. ab209780). The following antibodies were purchased from Cell Signalling Technology, Inc.: Bax (1:1,000; cat. no. 2722), Bcl-2 (1:1,000; cat. no. 2870), cleaved (C-) caspase-3 (1:1,000; cat. no. 9661), p-AKT (1:1,000; cat. no. 4060), total (t)-AKT (1:1,000; cat. no. 4691), p-GSK3β (1:1,000; cat. no. 9323), T-GSK3β (1:1,000; cat. no. 9315) and GAPDH (1:1,000; cat. no. 2118). The following antibodies were obtained from Santa Cruz Biotechnology, Inc: Atrial natriuretic peptide (ANP; 1:1,000; cat. no. sc-20158), brain natriuretic peptide (BNP; 1:1,000; cat. no. sc-271185) and β-myosin heavy chain (β-MHC; 1:1,000; cat. no. sc-53090). These antibodies were normalized to GAPDH expression. Secondary antibodies including IRDye 800CW Goat anti-Mouse (cat. no. 926-32210) and IRDye 800CW Goat anti-Rabbit (cat. no. 926-32211), were obtained from LI-COR Biosciences (1:10,000).

### Animals and experimental design

All animal care and experiments were based on the Guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication, revised 2011) ([@b18-etm-0-0-9109]) and were approved by the Animal Care and Use Committee of Wuhan University. Male C57/B6 mice (age, 8-10 weeks; weight, 23.5-27.5 g) were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences. The mice had free access to food and water and were housed under a specific-pathogen-free environment and a controlled temperature (20-25˚C) and humidity (50±5%) with a 12 h light/dark cycle. A total of 60 animals were randomly divided into four groups: i) Vehicle + sham (n=15); ii) CA + sham (n=15); iii) vehicle + aortic banding (AB; n=15); and iv) AB + CA (n=15). Mice were subjected to AB surgery to establish a model of cardiac fibrosis and surgery was performed based on previously described methods ([@b19-etm-0-0-9109]). Via intraperitoneal injection, in total 3% 80 mg/kg pentobarbital was used to anaesthetize animals. After anaesthesia, hair over the thoracic surgery area was sheared. Following local disinfection with iodine, fluoride and alcohol, mice were fixed on the operating table. An insert was made into the trachea and the skin was cut along the second and third intercostal level. The muscles and soft tissues were separated in turn, revealing the thoracic aorta. The aorta was then freed from connective tissue and a surgical suture was wrapped around the vessel. The thread was tightened against a 27-guauge needle placed on the freed portion of the aorta. Following ligation, the needle was removed. For the sham-operated groups, after the aorta was freed, surgical thread was wound around the vessel, but no ligation was performed. The two AB groups received the same surgical procedure. After 2 days of AB, 50 mg/kg CA was administered orally once a day for 12 days. A period of four weeks following the AB operation, echocardiography and haemodynamic parameters were analysed and mice were sacrificed via cervical dislocation. The heart weight was then measured, along with tibia length.

### Echocardiography measurement and invasive hemodynamic pressure-volume analysis

A MyLabTM 30CV (Esaote SpA) and a 10-MHz linear array ultrasound transducer (Esaote SpA) were used to detect cardiac function, as reported previously ([@b20-etm-0-0-9109]). A total of 1.5% isoflurane ([@b21-etm-0-0-9109]) was used to anaesthetize mice on a 37˚C temperature-controlled warming pad. Corneal reflex, pain reflex, respiration and muscle tension were monitored in mice to ensure they were anesthetized. When the mouse was appeared calm, was in the supine position, did not feel pain, did not exhibit righting reflex and had relaxed limbs the mouse was determined to have entered the anesthesia maintenance period. The following parameters were measured: Ejection fraction (EF), left ventricle end-diastolic diameter (LVEDd), left ventricle end-systolic diameter (LVESd) and the percentage fraction of shortening, all of which were calculated as described previously ([@b21-etm-0-0-9109]). The present study first measured the LVEDd and LVESd. The LVFS was calculated as \[(LVEDd-LVESd)/LVEDd\]^\*^100%, and LVEF was calculated based on the Teichhotz formula ([@b22-etm-0-0-9109]).

A 1.4-F Millar microtip pressure transducer was used for invasive haemodynamic pressure-volume detection. Mice were then anesthetised with 2% isoflurane on a 37˚C temperature-controlled warming pad. A pressure-volume conductance system was used to detect heart rate and the derivative of pressure over time (dp/dt). PVAN data analysis software (Millar) was used to analyse the end-systolic pressure (ESP), end-diastolic pressure (EDP), the maximal rate of pressure development (dp/dtmax) and the minimal rate of pressure decay (dp/dtmin).

### Histological analysis

After 12 days of treatment with CA, extracted hearts were rapidly soaked in 10% KCl solution to keep the heart at diastole. Hearts were then fixed with 4% formalin for 2-3 days at room temperature, dehydrated and embedded in paraffin, then cut to 4-5 µm sections. To assess the cross-sectional area of cardiomyocytes, haematoxylin and eosin (HE) staining was performed under room temperature for 1 h. To evaluate collagen deposition, picrosirius red (PSR) staining and Masson staining were performed on the cardiac sections under room temperature for 3 h ([@b23-etm-0-0-9109]). A light microscope was used to visualize the cardiac sections at magnifications of x400 and x200. The cross-sectional area of the cardiomyocytes and the degree of collagen deposition were analysed using the Image-Pro Plus v6.0 quantitative digital image analysis system (Media Cybernetics, Inc.). ≥100 myocardial cells in each group were analysed ([@b24-etm-0-0-9109]).

### Immunohistochemistry staining

Immunohistochemistry for 4-hydroxynonenal (4-HNE) and α-smooth muscle actin (α-SMA) was conducted to evaluate the level of oxidative stress and the activation of myofibroblasts, respectively. The hearts of each group were fixed with 4% neutral formaldehyde solution for 2-3 days under room temperature and then dewaxed to hydrate. Antigen repair was performed using the citric acid method (Citrate Antigen Retrieval Solution; P0081; Beyotime Institute of Biotechnology) according to the manufacturer\'s protocol. The sections blocked with 8% goat serum for 30 min at 37˚C. Cardiac sections (4-5 µm) were incubated with 4-HNE (1:100; cat. no. ab46545; Abcam) and α-SMA (1:100; cat. no. ab5694; Abcam) antibodies at 37˚C for 2 h. After rinsing, EnVisionTM+/HRP (K400011-2, Dako; Agilent Technologies, Inc.) was added to cardiac sections for 1 h at 37˚C and samples were processed using a peroxide-based substrate diaminobenzidine kit (Gene Tech Biotechnology Co., Ltd.) and haematoxylin for staining nuclei for 1 sec at room temperature. Neutral resin adhesive was used for sealing. Finally, heart sections were photographed using a light microscope (magnification, x200 and x400) as previously described ([@b23-etm-0-0-9109]).

### Determination of oxidative stress

To assess the SOD1 concentration, NADPH oxidase and the lipid peroxidation product MDA of the left ventricle were assessed. Commercial kits purchased from Beyotime Institute of Biotechnology were used to determine oxidative stress and performance based on the manufacturer\'s protocol.

### Western blotting and reverse transcription-quantitative PCR (RT-qPCR)

Protein extraction and SDS-PAGE of the cardiac tissues were performed according to previous study ([@b23-etm-0-0-9109]). Left ventricular tissues were homogenized in Radio Immunoprecipitation Assay lysis buffer (cat. no. P0013C; Beyotime Institute of Biotechnology). The concentration of the protein samples was detected using a BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). Sample buffer and water were added to homogenate the protein samples. Equal quantities of protein were placed into 10% SDS-PAGE gel for electrophoresis. The target protein was then transferred to PVDF membranes using membrane transfer apparatus and blocked in Tri-buffered saline containing 5% skim milk powder for 60 min at room temperature, and incubated with primary antibodies at 4˚C overnight. Subsequently, the membranes were incubated with IRDye 800CW conjugated goat anti-rabbit IgG (cat. no. P/N 925-32211; 1:1,250; LI-COR Biosciences) for 1 h at room temperature. The PVDF membranes were scanned and analysed using an Odyssey Infrared Imaging System (LI-COR Biosciences). Each sample was normalized to GAPDH.

For reverse transcription-quantitative PCR analysis, TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract total mRNA from left ventricular tissues at room temperature. A cDNA synthesis kit (cat. no. 04896866001; Roche Applied Science) and oligo (dT) primers were subsequently used to synthesize the first strand cDNA. RT and qPCR were performed as reported previously ([@b25-etm-0-0-9109]), 20 µl reactions according to the standard protocol of the manufacturer and ran the cycle 95˚C for 5 min, 45 cycles (of 95˚C for 10 sec, 60˚C for 10 sec and 72˚C for 10 sec), 95˚C for 5 sec, 60˚C for 1 min, 97˚C for 0.11 sec and 40˚C for 10 min. The mRNA expression level normalized against GAPDH mRNA levels. The primers used for qPCR are presented in [Table I](#tI-etm-0-0-9109){ref-type="table"}.

### TUNEL Staining

An apoptosis detection kit was used for staining cardiac tissue slides based on the manufacturer's protocol. The hearts of each group were fixed with 4% neutral formaldehyde solution for 2-3 days under room temperature and then dewaxed to hydrate. After xylene dewaxing and ethanol dehydration, cardiac tissue sections were incubated in 20 μg/ml proteinase K for 20 min and fluorescein-labelled dUTP for 1 h at 37 ℃. DAPI Hematoxylin was used to stain cardiomyocyte nuclei for 1 second under room temperature. Neutral resin adhesive used for sealing. Fluorescence microscopy (200X) was used to view the slides and ≥100 myocardial cells in each group were analysed. Image-Pro Plus 6.0 was used to calculate the results ([@b24-etm-0-0-9109]).

### Statistical analysis

Each experiment was repeated three times. Data are presented as mean ± SEM, and were analysed using SPSS v16.0 software (SPSS, Inc.). Two-way ANOVA followed by a Tukey post hoc test was used for data analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CA alleviates pressure overload-induced cardiac hypertrophy in mice

To evaluate the protective role of CA in pressure overload-induced cardiac hypertrophy, the present study established a mouse model of cardiac hypertrophy with or without CA for 12 days. The vehicle + AB group demonstrated increased heart weight/body weight (HW/BW) and HW/tibia length (HW/TL) ratios compared with the vehicle + sham and CA + sham groups. Treatment with CA in mice subjected to AB surgery significantly decreased cardiac hypertrophy, as indicated by decreased HW/BW and HW/TL ratios ([Fig. 1B](#f1-etm-0-0-9109){ref-type="fig"} and [C](#f1-etm-0-0-9109){ref-type="fig"}). Furthermore, hypertrophic markers including ANP, BNP and β-MHC were significantly increased in the vehicle + AB group compared with the vehicle + sham group but were decreased following CA treatment in the CA + AB group ([Fig. 1D-F](#f1-etm-0-0-9109){ref-type="fig"}). The present results also indicated that CA significantly decreased the protein expression of ANP, BNP and β-MHC induced by AB ([Fig. 1G](#f1-etm-0-0-9109){ref-type="fig"} and [H](#f1-etm-0-0-9109){ref-type="fig"}). Furthermore, HE staining indicated that the enlarged cardiomyocyte area induced by pressure overload was alleviated by CA treatment ([Fig. 1I](#f1-etm-0-0-9109){ref-type="fig"} and [J](#f1-etm-0-0-9109){ref-type="fig"}). The present results suggested that CA alleviated pressure overload-induced cardiac hypertrophy in mice.

### CA attenuates pressure overload-induced cardiac fibrosis in mice

Cardiac fibrosis is a characteristic of cardiac remodelling, which ultimately leads to the conversion of cardiac hypertrophy to heart failure ([@b2-etm-0-0-9109]). Therefore, the present study investigated the effect of CA on cardiac fibrosis. PSR staining and Masson staining were performed to evaluate cardiac fibrosis 4 weeks after AB surgery. The results indicated enhanced mRNA ([Fig. 2A-C](#f2-etm-0-0-9109){ref-type="fig"}) and protein ([Fig. 2D](#f2-etm-0-0-9109){ref-type="fig"} and [E](#f2-etm-0-0-9109){ref-type="fig"}) levels of fibrotic markers, including collagen I, collagen III and CTGF, which was consistent with significant perivascular and cardiac fibrosis ([Fig. 2F-H](#f2-etm-0-0-9109){ref-type="fig"}), compared with the vehicle + sham and CA + sham groups. CA treatment in AB mice led to a significant reduction in cardiac fibrosis and the mRNA and protein expression of certain fibrotic markers. Furthermore, the expression of α-SMA was increased in the vehicle + AB group and decreased in the CA + AB group ([Fig. 2I](#f2-etm-0-0-9109){ref-type="fig"} and [J](#f2-etm-0-0-9109){ref-type="fig"}). The present results indicated that CA alleviated pressure overload-induced cardiac fibrosis in mice.

### CA improves pressure overload-induced cardiac dysfunction in mice

Echocardiography and pressure-volume loop measurements were performed to assess cardiac function in mice with or without AB surgery. The result revealed no significant difference in heart rate between each group ([Fig. 3A](#f3-etm-0-0-9109){ref-type="fig"}), indicating that CA exerted no clear effect on heart rate. It was also revealed that echocardiographic parameters, including LVEDd and LVESd, were increased ([Fig. 3B](#f3-etm-0-0-9109){ref-type="fig"} and [C](#f3-etm-0-0-9109){ref-type="fig"}) and the levels of LVEF were decreased in the vehicle + AB group compared with the vehicle + sham and CA + sham groups ([Fig. 3D](#f3-etm-0-0-9109){ref-type="fig"}). The haemodynamic parameters, ESP and EDP, were elevated ([Fig. 3E](#f3-etm-0-0-9109){ref-type="fig"} and [F](#f3-etm-0-0-9109){ref-type="fig"}) and the dp/dt max and dp/dt min, indicating the systolic and diastolic function respectively, were decreased in the vehicle + AB group compared with the vehicle + sham and CA + sham groups ([Fig. 3G](#f3-etm-0-0-9109){ref-type="fig"} and [H](#f3-etm-0-0-9109){ref-type="fig"}). The present results suggested that all the impaired parameters could be improved and harmful parameters could be restored after CA treatment following AB surgery.

### CA suppresses pressure overload-induced oxidative stress in mice

Oxidative stress is involved in the pathophysiology of cardiac remodelling and a previous study has demonstrated that CA possesses strong antioxidant abilities ([@b14-etm-0-0-9109]). Therefore, the present study investigated whether CA treatment alleviated pressure overload-induced cardiac remodelling by inhibiting oxidative stress. SOD activity was increased by CA treatment in the pressure overload-induced hearts of mice compared with the vehicle + AB group ([Fig. 4A](#f4-etm-0-0-9109){ref-type="fig"}). However, MDA production and NADPH activity induced by AB surgery were significantly decreased by CA treatment when compared with the vehicle + AB group ([Fig. 4B](#f4-etm-0-0-9109){ref-type="fig"} and [C](#f4-etm-0-0-9109){ref-type="fig"}). The present study also investigated the expression of NOX induced by pressure overload and identified that the expression of NOX2 and NOX4 were increased at both mRNA ([Fig. 4D](#f4-etm-0-0-9109){ref-type="fig"} and [E](#f4-etm-0-0-9109){ref-type="fig"}) and protein levels ([Fig. 4F](#f4-etm-0-0-9109){ref-type="fig"} and [G](#f4-etm-0-0-9109){ref-type="fig"}) compared with the vehicle + sham and CA + sham groups. Additionally, CA treatment significantly reduced the expression of NOX2 and NOX4 at the mRNA and protein levels. Furthermore, immunohistochemical staining indicated that the expression of 4-HNE, a product of oxidative stress, was increased following AB surgery and reversed by CA treatment ([Fig. 4H](#f4-etm-0-0-9109){ref-type="fig"} and [I](#f4-etm-0-0-9109){ref-type="fig"}). The present results suggested that CA may suppress cardiac fibrosis by inhibiting NADPH oxidase mediated oxidative stress.

### CA inhibits apoptosis in mice induced by pressure overload

Previous studies have demonstrated that oxidative stress can activate apoptosis via different pathways and cause cardiac injury ([@b14-etm-0-0-9109],[@b26-etm-0-0-9109]). CA has the ability to inhibit oxidative stress and apoptosis ([@b11-etm-0-0-9109]). Therefore, the present study performed TUNEL staining and detected the expression of apoptosis-associated proteins to evaluate the cardioprotective effect of CA following pressure overload in mice. The present results identified that the apoptosis ratio was increased in the vehicle + AB group compared with the vehicle + sham and CA + sham groups, and decreased after CA treatment ([Fig. 5A](#f5-etm-0-0-9109){ref-type="fig"} and [B](#f5-etm-0-0-9109){ref-type="fig"}). Furthermore, the expression of certain pro-apoptotic proteins, including Bax and C-caspase-3 were increased in the vehicle + AB group compared with the vehicle + sham and CA + sham groups, and decreased after CA treatment ([Fig. 5C](#f5-etm-0-0-9109){ref-type="fig"} and [D](#f5-etm-0-0-9109){ref-type="fig"}). The expression of the anti-apoptotic protein, Bcl-2, decreased in the vehicle + AB group compared with the vehicle + sham and CA + sham groups, and increased after CA treatment ([Fig. 5C](#f5-etm-0-0-9109){ref-type="fig"} and [D](#f5-etm-0-0-9109){ref-type="fig"}). However, there were no differences between the vehicle + sham group and the CA + sham group. Therefore, the present results suggested that CA inhibited pressure overload induced-cardiomyocyte apoptosis.

### CA protects against cardiac remodelling by regulating the AKT/GSK3β/NOX4 signalling pathway

To assess the underlying mechanism of the effect of CA acting on cardiac remodelling, the present study investigated the AKT/GSK3β/NOX4 signalling pathway. The present results suggested that CA treatment significantly reduced the expression of p-AKT, p-GSK3β and NOX4 induced by AB ([Fig. 6A-D](#f6-etm-0-0-9109){ref-type="fig"}). The present results indicated that CA may exert its protective effect against cardiac remodelling by suppressing the AKT/GSK3β/NOX4 signalling pathway.

Discussion
==========

The present study performed AB surgery to establish a mouse cardiac remodelling model. The present results suggested CA treatment not only protected against pressure overload-induced cardiac hypertrophy, but also attenuated cardiac fibrosis. Furthermore, CA treatment inhibited oxidative stress and apoptosis following AB surgery. Taken together, the present results suggested that CA may be a potential candidate for cardiac remodelling induced by pressure-overload ([Fig. 7](#f7-etm-0-0-9109){ref-type="fig"}).

Heart failure is a clinical syndrome of cardiac circulation disorder caused by ventricular systolic or diastolic insufficiency and has become a serious social and public health problem ([@b27-etm-0-0-9109]). Pathological cardiac remodelling is induced by various stimuli, including inflammation, biomechanical stress and pressure overload. In pressure overload, cardiomyocytes develop hypertrophy with a series of changes, such as abnormal gene transcription and protein synthesis and apoptosis. With the prolongation of stimulation, these changes result in increasing extracellular matrix and cardiac fibrosis ([@b2-etm-0-0-9109]). Cardiac fibrosis is the adaptive response of the heart to various forms of injury during which cardiac fibroblasts transform into myofibroblasts ([@b2-etm-0-0-9109]).

Previous studies have reported that oxidative stress is implicated in the pathophysiology of cardiac remodelling, which impairs heart pumping capacity and ultimately contributes to heart failure ([@b28-etm-0-0-9109],[@b29-etm-0-0-9109]). NOX is the main source of ROS that induces oxidative stress in the heart and NOX2 and NOX4 are primarily associated with the heart ([@b30-etm-0-0-9109]). Under pathological conditions, activated NOX2 reduces oxygen molecules into oxygen ions via NADPH, thus leading to heart injury ([@b31-etm-0-0-9109]). Liu *et al* ([@b32-etm-0-0-9109]), demonstrated that NOX2 promoted the synthesis of collagen I and III in neonatal rat cardiac fibroblasts, leading to cardiac fibrosis. Furthermore, NOX2 enhanced angiotensin II induced ROS generation and cardiomyocyte hypertrophy ([@b33-etm-0-0-9109]). NOX4 produces hydrogen peroxide via a disproportionation reaction with oxygen ions, thereby regulating ROS production ([@b34-etm-0-0-9109]). A previous study revealed that NOX4 upregulated transverse aortic constriction-induced cardiomyocyte hypertrophy and left ventricular dysfunction ([@b35-etm-0-0-9109]). A further study demonstrated that NOX4 contributed to angiotensin-II-induced adult mouse cardiac fibroblast proliferation and migration ([@b36-etm-0-0-9109]). The present results indicated that the production of MDA and the activities of SOD and NADPH were significantly increased following AB surgery. In addition, the present results identified that the mRNA and protein expression of NOX2 and NOX4 were significantly increased following AB surgery. As a lipid peroxide formed by the lipid peroxidation reaction between ROS and biomacromolecules, 4-HNE exerts a destructive effect on cardiac tissue by interfering with adducts formed by organelles such as mitochondria ([@b37-etm-0-0-9109]). In the present study, the expression of 4-HNE was significantly increased in the vehicle + AB group. The present results indicated that the inhibition of oxidative stress may improve cardiac hypertrophy and fibrosis.

The accumulation of ROS components such as superoxide anions, hydroxyl free radicals and hydrogen peroxide, can damage the integrity and function of the cell membrane and lead to cell apoptosis ([@b38-etm-0-0-9109]). A previous study has suggested that increased ROS can induce cardiomyocyte apoptosis by activating certain apoptotic signals, including caspase-3([@b39-etm-0-0-9109]). Additionally, angiotensin II-mediated NADPH oxidase-induced ROS mediate cardiomyocyte apoptosis via the mitochondrial apoptotic pathway ([@b26-etm-0-0-9109]). The present results demonstrated that the number of TUNEL-positive cells was significantly increased upon pressure overload. Furthermore, the expression of certain pro-apoptotic proteins, including Bax and C-caspase-3, were increased, while the expression of the anti-apoptotic protein, Bcl-2, was decreased following AB surgery. The present results indicated that ROS-mediated oxidative stress serves a key role in cell apoptosis and that the inhibition of apoptosis may serve a protective role in the heart.

CA is the major component extracted from rosemary plants and has anti-cancer, anti-inflammatory and anti-obesity effects ([@b40-etm-0-0-9109]). A previous study demonstrated that CA suppressed oxidative stress by inhibiting the expression of NOX4 in transforming growth factor β-stimulated fibroblasts and unilateral ureteral obstruction-operated kidneys ([@b41-etm-0-0-9109]). In addition, CA alleviated bile duct ligation induced the expression of α-SMA and collagen I in the liver and served an anti-fibrotic role in the livers of rats ([@b42-etm-0-0-9109]). Previous studies have indicated that CA serves an antioxidant role in different diseases, including arsenic-induced hepatotoxicity ([@b10-etm-0-0-9109]) and isoproterenol-induced myocardial stress ([@b14-etm-0-0-9109]). Furthermore, it has been demonstrated that CA attenuated amyloid-β peptide-induced human neuroblastoma cell apoptosis ([@b43-etm-0-0-9109]) and isoproterenol-induced cardiomyocyte apoptosis ([@b14-etm-0-0-9109]). However, several studies have determined that CA induced apoptosis in various cancer models, possibly due to different doses and models affecting the pharmacological effects of CA ([@b44-etm-0-0-9109],[@b45-etm-0-0-9109]). The present results indicated that CA treatment inhibited pressure overload-induced cardiac hypertrophy and fibrosis, and reduced oxidative stress and apoptosis, as well as improving cardiac function.

AKT is a serine-threonine kinase that serves an important role in cardiac growth and metabolism ([@b46-etm-0-0-9109]). Activated AKT stimulates downstream GSK3β and participates in the pathophysiology of cardiac hypertrophy ([@b15-etm-0-0-9109],[@b16-etm-0-0-9109]). p-Akt increases the size of cardiac myocytes and promotes the development of heart failure ([@b47-etm-0-0-9109]). Furthermore, NOX4 serves an important role in the differentiation of myofibroblasts into different phenotypes ([@b48-etm-0-0-9109],[@b49-etm-0-0-9109]). A previous study indicated that CA alleviated AKT-mediated renal fibrosis by reducing the expression of NOX4([@b17-etm-0-0-9109]). The present results indicated that CA significantly decreased the expression of p-AKT, p-GSK3β and NOX4 induced by AB. Therefore, the role of CA in cardiac remodelling may rely on the AKT/GSK3K3β/NOX4 signalling pathway.

In conclusion, the present results indicated that CA significantly attenuated pressured overload-induced cardiac hypertrophy and fibrosis, and that the potential mechanism may be attributed to the inhibition of oxidative stress and apoptosis.
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![CA alleviated pressure overload-induced cardiac hypertrophy in mice. (A) Chemical structure of CA. Statistical results of (B) HW/BW and (C) HW/TL (n=15). mRNA expressions of (D) ANP, (E) BNP and (F) β-MHC are presented in each group. (G) Protein levels of ANP, BNP and β-MHC, and (H) quantitative analysis is presented for each group. (I) Haematoxylin and eosin staining (the surrounding arrows indicated the size of each cardiomyocyte), and (J) statistical data of the cardiomyocyte cross-sectional areas of each group (≥100 cells/heart). Scale bar, 50 µm. ^\*^P\<0.05 vs. the vehicle + sham group. ^\#^P\<0.05 vs. the vehicle + AB group. HW/BW, heart weight/body weight; ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide; β-MHC, β-myosin heavy chain; CA, carnosic acid; AB, aortic banding; HE, haematoxylin and eosin.](etm-20-04-3709-g00){#f1-etm-0-0-9109}

![CA attenuated pressure overload-induced cardiac fibrosis in mice. mRNA levels of (A) collagen I, (B) collagen III and (C) CTGF are presented in each group (n =15). (D) Protein expression of collagen I, collagen III and CTGF and (E) quantitative analysis in each group. (F) PSR staining for cardiac fibrosis and (G) statistical data on the percentage fibrosis of interstitial fibrosis in each group. (H) Masson staining in each group. (I) Immunohistochemistry staining for α-SMA protein (the arrows indicated the α-SMA in blood vessel) and the (J) quantitative analysis in each group. ^\*^P\<0.05 vs. the vehicle + sham group. ^\#^P\<0.05 vs. the vehicle + AB group. CTGF, connective tissue growth factor; PSR, picrosirius red; α-SMA, α-smooth muscle actin; CA, carnosic acid; AB, aortic banding.](etm-20-04-3709-g01){#f2-etm-0-0-9109}

![CA improved pressure overload-induced cardiac dysfunction in mice. (A) Heart rates of the mice in each group (n=15). Echocardiographic parameters, including (B) LVEDd, (C) LVESd and (D) LVEF in each group. Haemodynamic parameters including (E) ESP, (F) EDP, (G) dp/dt max and (H) dp/dt min were presented for each group. ^\*^P\<0.05 vs. the vehicle + sham group. ^\#^P\<0.05 vs. the vehicle + AB group. LVEDd, left ventricle end-diastolic diameter; LVESd, left ventricle end-systolic diameter; LVEF, left ventricle ejection fraction; ESP, end-systolic pressure; EDP, end-diastolic pressure; dp/dt max, maximal rate of pressure development; dp/dt min, minimal rate of pressure decay; CA, carnosic acid; AB, aortic banding.](etm-20-04-3709-g02){#f3-etm-0-0-9109}

![CA suppressed oxidative stress in mice induced by pressure-overload. (A) SOD activity, (B) MDA production and (C) NADPH activity were assessed in each group (n=15). mRNA levels of (D) NOX2 and (E) NOX4 were also detected in each group. Protein levels of (F) NOX2 and NOX4 and (G) quantitative analysis are presented for each group. (H) Immunohistochemistry staining for 4-HNE and (I) subsequent quantification was performed. ^\*^P\<0.05 vs. the vehicle + sham group. ^\#^P\<0.05 vs. the vehicle + AB group. 4-HNE, 4-hydroxynonenal; SOD, superoxide dismutase; MDA, malondialdehyde; NOX2, NADPH oxidase 2; NOX4, NADPH oxidase 4; CA, carnosic acid; AB, aortic banding.](etm-20-04-3709-g03){#f4-etm-0-0-9109}

![CA inhibited apoptosis in mice induced by pressure-overload. (A) TUNEL staining (the arrows indicated the apoptotic cells) and (B) quantitative analysis of apoptotic cells in each group (n=15). Scale bar, 100 µm. (C) Protein levels of Bcl-2, Bax and C-caspase3 and (D) quantitative analysis are presented for each group. ^\*^P\<0.05 vs. the vehicle + sham group. ^\#^P\<0.05 vs. the vehicle + AB group. CA, carnosic acid; AB, aortic banding.](etm-20-04-3709-g04){#f5-etm-0-0-9109}

![CA protected against cardiac remodelling by regulating the AKT/GSK3β/NOX4 signalling pathway. (A) Expression of p-AKT, p-GSK3β and NOX4 were determined in each group (n=15). Quantification analysis of (B) p-AKT/t-AKT, (C) p-GSK3β/t- GSK3β and (D) NOX4 protein. ^\*^P\<0.05 vs. the vehicle + sham group. ^\#^P\<0.05 vs. the vehicle + AB group. CA, carnosic acid; AB, aortic banding; GSK3β, glycogen synthase kinase 3 β; p-, phosphorylated; t-, total; NOX4, NADPH oxidase 4.](etm-20-04-3709-g05){#f6-etm-0-0-9109}

![CA protected against pressure overload-induced cardiac remodelling by inhibiting oxidative stress and apoptosis. Oxidative stress also directly mediated apoptosis. CA, carnosic acid.](etm-20-04-3709-g06){#f7-etm-0-0-9109}

###### 

Primer sequences.

  Gene           Species   Sequences (5\'-3\')
  -------------- --------- ------------------------------
  ANP            Mouse     F: ACCTGCTAGACCACCTGGAG
                           R: CCTTGGCTGTTATCTTCGGTACCGG
  BNP            Mouse     F: GAGGTCACTCCTATCCTCTGG
                           R: GCCATTTCCTCCGACTTTTCTC
  β-MHC          Mouse     F: CCGAGTCCCAGGTCAACAA
                           R: CTTCACGGGCACCCTTGGA
  Collagen I     Mouse     F: TGGTACATCAGCCCGAAC
                           R: GTCAGCTGGATAGCGACA
  Collagen III   Mouse     F: GTCAGCTGGATAGCGACA
                           R: GAAGCACAGGAGCAGGTGTAGA
  CTGF           Mouse     F: GACATGCCGCCTGGAGAAAC
                           R: AGCCCAGGATGCCCTTTAGT
  NOX2           Mouse     F: GACCATTGCAAGTGAACACCC
                           R: AAATGAAGTGGACTCCACGCG
  NOX4           Mouse     F: GACCATTGCAAGTGAACACCC
                           R: AAATGAAGTGGACTCCACGCG
  GAPDH          Mouse     F: TCATCAACGGGAAGCCCATC
                           R: CTCGTGGTTCACACCCATCA

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; β-MHC, β-myosin heavy chain; CTGF, connective tissue growth factor; NOX2, NAPDH oxidase 2; NOX4, NAPDH oxidase 4; F, forward; R, reverse.
